Transcription factors of the T-domain family regulate many developmental processes. We have isolated from the sea urchin a new member of the Tbx2 subfamily: coquillette. Coquillette has a late zygotic expression whose localization is dynamic: at the blastula stage it is restricted to the aboral side of most of the presumptive ectoderm and endoderm territories and from gastrulation on, to the aboral-most primary mesenchyme cells. Perturbation of coquillette function delays gastrulation and strongly disorganizes the skeleton of the larva. Coquillette is sensitive to alteration of the oral -aboral (OA) axis and we identify goosecoid, which controls oral and aboral fates in the ectoderm, as a probable upstream regulator. Coquillette appears to be an integral part of the patterning system along the OA axis. q
Introduction
The T-box gene family is an ancient family of genes widely distributed throughout the metazoan. T-box genes have been identified in many protostome and deuterostome phyla as well as in Cnidarians but not in yeast or plants (Papaioannou, 2001) . These genes code for transcription factors that share a conserved 180 -200 amino acid DNAbinding domain called the T-domain (Agulnik et al., 1995; Bollag et al., 1994) . Most T-box genes have unique and complex expression patterns in embryos from many species, mainly during organogenesis, and their functions are essential for development. They are involved in several processes such as specification of endoderm and mesoderm, gastrulation, neurogenesis, and heart and limb development (for reviews see Papaioannou, 2001; Smith, 1999) . In the vertebrate adult, T-box genes are expressed in many organs, including heart, brain, liver, lung, kidney, and ovary. Recently, T-box genes have been implicated in several human congenital disorders. Tbx1, Tbx3, Tbx5, and Tbx22 are involved in DiGeorge (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) , ulnarmammary (Bamshad et al., 1997) , Holt -Oram (Basson et al., 1997; Li et al., 1997) , and X-linked cleft palate (Braybrook et al., 2001 ) syndromes, respectively.
In vertebrates, the Tbx2 subfamily is a complex group that comprises four closely related paralogs, Tbx2, 3, 4, and 5. Two members of this family (Tbx3 and Tbx5) are implicated in the human disorders mentioned above. Genes from the Tbx2 subfamily are involved in the formation or patterning of several structures including notochord, somites, eyes and other sensory organs, heart, and limbs. For example, Tbx5 is essential for heart development and Tbx4 and Tbx5 play important roles in the specification of limbs as forelimb or hindlimb. The expression patterns of orthologs, and thus probably their functions, are remarkably conserved in divergent species like human and Drosophila (Papaioannou, 2001) . It is thus interesting to characterize orthologs of the Tbx2 family in basic invertebrate deuterostomes which are closely related to vertebrates but which lack organs such as heart, brain, and limbs.
Sea urchins belong to the Echinoderms, the first deuterostome phylum that diverged after the separation of the protostomes and deuterostomes. The sea urchin undergoes indirect development through a larva that displays bilateral symmetry while the adult has a pentaradial organization. The primary embryonic axis, the animalvegetal axis (AV axis), is established before fertilization. The borders of the presumptive territories of the germ layers are perpendicular to the AV axis. Patterning along this axis relies on maternal components of the Wnt pathway and on a series of inductive interactions between cell tiers that begins at the vegetal pole when micromeres are formed (Angerer and Angerer, 2000; Davidson et al., 1998) . The secondary axis, the oral -aboral (OA) axis is set up after fertilization and appears not to require localized maternal products. The time at which it is established and its positioning with respect to the plane of first cleavage vary among species. The OA axis remains labile during cleavage and is influenced by respiratory asymmetry (Coffman and Davidson, 2001) . The transcription factor goosecoid plays an important role by linking cell fate specification along the AV and OA axes (Angerer et al., 2001) .
Very little is known about the oral -aboral specification process, while the complex network of gene interactions that leads to specification of the endomesoderm has been recently worked out (Davidson et al., 2002a,b) . This network includes the T-box genes Brachyury and T-brain/ ske-T. No other T-box genes have been isolated yet in the sea urchin and so their function in early patterning processes has not been analyzed.
Here we describe the cloning of a cDNA derived from a sea urchin T-box gene that belongs to the Tbx2 subfamily, characterize its pattern of expression during embryogenesis and identify an upstream regulator. We show that perturbation of the function of this gene disrupts essentially the organization of the larva skeleton.
Results

Cloning and characterization of coquillette cDNA
Degenerate oligonucleotides were designed from conserved blocks identified by alignment of available T-domain sequences. Several oligonucleotide pairs were used as primers for RT-PCR of RNA isolated at various embryonic stages. Two of the amplified fragments had sequences clearly different from each other but both similar to T-boxes from the same subfamily. Only the 404 bp fragment designated A1 was used for further studies. Fragments covering regions upstream and downstream of A1 were recovered by RACE PCR. Northern blots probed with each fragment were indistinguishable as the three probes detect transcripts with the same size and same expression profile. This result confirms that the cloned fragments belong to the same transcript. Finally, the three fragments were assembled by PCR into a 4229 bp cDNA (Accession no. AJ508929) named coquillette. The coquillette cDNA contains a 439 bp 5 0 UTR with one in-frame stop codon (also present in the genomic DNA), a 1965 bp open reading frame (ORF) and a 1825 bp 3 0 UTR. It ends with a polyA stretch that is probably not the polyA tail but an interspersed sequence (Davidson, 1986) since there is no canonical polyadenylation signal and because this cDNA is shorter than the corresponding transcript by about 1.5 kb (see below).
The coquillette protein
The protein predicted from the ORF sequence (Fig. 1) is a 655 amino acid protein that contains a T-domain within the N-terminal half, at positions 107-280. The T-domain is flanked by an N-terminal domain of about 100 amino acids and a C-terminal domain of 375 amino acids.
Comparison with protein sequences in databases shows that the coquillette T-domain is highly similar to T-domains from vertebrate members of the Tbx2 subfamily as defined by Papaioannou (2001) or subfamilies B and C defined by Wattler et al. (1998) . T-domains from coquillette and human Tbx2 and Tbx3 share 85% identity and 90% similarity. In addition, the overall organization of coquillette into three domains (100, 200, and 400 amino acid long, respectively) is identical to that of proteins from the Tbx2 subfamily. Outside the T-domain, there is little similarity except for short stretches immediately adjacent to the T-domain (positions 281 -290, TGAGKREKRK), or close to the C-terminal end (positions 557-568, PRLRFSPYHLPV; positions 639-651, ELQSIQKMVSGLD).
A partial cladogram of the Tbx2 subfamily is presented in Fig. 2 . The four groups that have been identified in vertebrates are readily apparent (Papaioannou, 2001; Wattler et al., 1998) : the subfamily consists of the Tbx2, 3, 4, and 5 genes which form two pairs of closely related paralogs, Tbx2 and 3 on one side and Tbx4 and 5 on the other. Although the relative position of coquillette and Tbx2/3 from Amphioxus does not reflect phylogeny, it is clear that these two sequences branch out at the base of the deuterostome Tbx2/3 clade. According to Agulnik et al. (1996) and Ruvinsky et al. (2000) , Tbx2 and 3 arose by duplication early during vertebrate evolution, and thus, like in Amphioxus, only one gene (Tbx2/3) is expected in invertebrate deuterostome phyla. This suggests that coquillette may be the sea urchin ortholog of Tbx2/3. However, the situation may be more complex. The Amphioxus gene Tbx6/16 was also proposed to belong to the Tbx2 subfamily (Papaioannou, 2001 ) and we have isolated from sea urchin a partial clone whose sequence is clearly related to this same subfamily (not shown). Therefore, the gene studied here will not be attributed an ortholog name but will be provisionally designated coquillette.
Expression pattern in unperturbed embryos
Northern blot analysis shows that coquillette is coded for by a single transcript of about 5.7 kb (Fig. 3) . This transcript is not detectable in unfertilized eggs or during cleavage, and thus does not belong to the maternal pool of mRNAs. It is present as a late zygotic transcript from the swimming blastula stage to the pluteus stage with a peak during gastrulation.
The expression domains of coquillette were localized using morphological clues and two genes, ske-T and goosecoid, as molecular markers to allow orientation along both the animal -vegetal axis and the oral -aboral axis. The zygotic transcripts of the ske-T gene are expressed exclusively in all cells from the primary mesenchyme lineage, first at the blastula stage in a ring of 16 cells centered around the vegetal pole and then in all primary mesenchyme cells (PMCs) from mesenchyme blastula to gastrula stages (Croce et al., 2001b) , (Fig. 4c, d ). In S. purpuratus, goosecoid (SpGsc) is expressed in nearly all the oral ectoderm from blastula to pluteus stages (Angerer et al., 2001 ), a pattern we confirm for its ortholog PlGsc in P. lividus (Fig. 4j -l) .
At the swimming blastula and early mesenchyme blastula stages, the coquillette transcripts are present in a large area that covers about one half of the blastula wall. The expression domain of coquillette is lateral to and clearly separated from the ske-T ring and opposite to the goosecoid domain (Fig. 4e, f, m -o) . Coquillette expression is absent from the animal pole (Fig. 4g, m) and from the vegetal area that corresponds roughly to the presumptive mesoderm territory (Fig. 4f, g, m) . Therefore, the coquillette domain covers most of the aboral side of the embryo and extends from below the animal pole to the vegetal plate, that is over a large part of the ectoderm and endoderm presumptive territories.
At the mesenchyme blastula stage, during ingression of the PMCs, coquillette transcripts disappear from the presumptive ectoderm and are only detected in the vegetal plate area (not shown).
From the beginning of gastrulation to the pluteus stage, coquillette is only expressed in PMCs, but not in all PMCs (Fig. 4h , i, p-r). A vegetal view of a gastrula shows that only about one half of the PMC ring cells express coquillette (Fig. 4i ). This half ring is opposite to the goosecoid domain (Fig. 4n, o) and thus on the aboral side. At the prism and pluteus stages, when the oral side can be identified by the presence of the stomodeum and the mouth, the expressing cells can be localized at the aboral tip of the skeleton (Fig. 4q, r) .
Therefore, coquillette expression is spatially regulated along the two embryonic axes. Coquillette is strictly restricted to the aboral side of the embryo. Its expression . Spatial distribution of coquillette transcripts during development. Embryos were fixed and processed to whole-mount in situ hybridization with sense (not shown) and antisense probes. Double labeling was carried out with coquillette (cqt) and ske-T or with coquillette and goosecoid (Gsc) probes that were hybridized and developed simultaneously with the same dye.
along the AV axis is dynamic. It is first expressed transiently in the presumptive ectoderm and endoderm, then constantly in the mesoderm.
Expression during perturbed development
Expression in dissociated blastomeres
In dissociated blastomeres as in intact embryos, coquillette expression begins at the end of cleavage, around the time of hatching. While in intact embryos the level of the transcripts rises from the mesenchyme blastula to the gastrula stage and remains high, in dissociated blastomeres, the level decreases and remains low (Fig. 5 ). This result indicates that the coquillette gene is turned on cellautonomously but the maintenance of its expression appears to require cell interactions.
Effects of Li þ and Ni 2þ
The AV polarity can be altered by Li þ treatment during cleavage. Morphology appears normal until blastula stage, but later exogastrulation occurs as a consequence of endoderm enlargement at the expense of ectoderm. At 15 mM and below, Li þ has no effect on the expression of coquillette ( Fig. 6A(a, b) ) and of ske-T, a PMCs marker ( Fig. 6A(f, g) ). In embryos treated with 30 mM Li þ , coquillette expression is undetectable both in the blastula wall and in the PMCs (Fig. 6A(c -e) ). Although the morphology of the late embryos is strongly altered, the formation and initial differentiation of the skeletogenic mesenchyme lineage occur normally as seen by the normal expression of ske-T (Fig. 6A(h-j) ). Thus, the absence of detectable coquillette expression probably reflects the radialization that occurs as a consequence of the perturbation along the AV axis induced by Li þ (Yoshikawa, 1997) . In contrast to Li þ , Ni 2þ only affects the OA axis of the embryo by shifting aboral fates toward oral fates (Hardin et al., 1992) . In Ni 2þ treated embryos, at the swimming blastula stage, coquillette, Brachyury, and ske-T are expressed following their normal pattern: Brachyury and ske-T are restricted to rings centered on the vegetal pole and coquillette is restricted to the aboral ectoderm ( Fig. 6B(k-m) ). At the gastrula stage the ectodermal domain of Brachyury expression extends to a large ring all around the embryo (Fig. 6B(n) ) instead of being restricted to the stomodeum area (Croce et al., 2001a; Gross and McClay, 2001) . Coquillette expression was not detectable (Fig. 6B(q) ), although the PMCs ingressed into the blastocoel, formed a ring, and expressed ske-T normally (Fig. 6B(o, p) ). Therefore, the radialization produced by Ni 2þ does not affect the early restriction of coquillette to the aboral side of the blastula but represses its expression in the skeletogenic mesenchyme.
Perturbation of coquillette function
To study the role of coquillette, we first attempted to block the expression of the protein by using morpholino antisense oligonucleotides directed at the translation initiation site. Embryos injected with the morpholino oligonucleotide always developed to the pluteus stage with no overt abnormalities. This failure may be due to the existence of several copies of the coquillette gene with different translation initiation sites or to polymorphism at a single coquillette locus within the local sea urchin population.
We then perturbed coquillette function by overexpressing wild-type or mutant coquillette forms. Fig. 7 shows the various constructs that were derived from the wild-type coquillette (cqt) by deletion of the C-terminal domain, by replacement of the N-or C-terminal domains by an engrailed repressor domain, or by addition of engrailed or VP16 domains at the C-terminal end. mRNAs synthesized in vitro from these constructs were microinjected into eggs prior to fertilization.
Embryos injected with either the wild-type form, the form deleted for its C-terminal domain or the full-length protein carrying the VP16 activation domain, developed into normal pluteus larva. By contrast, the three constructs carrying the engrailed repressor domain affected development in a similar way. Only the construct cqtDC-En R was used for the rest of this study. Several strong phenotypes were observed within the same batch of embryos (Fig. 8A) .
About 24 h after fertilization, when control embryos reach the gastrula stage, the microinjected embryos remained in a blastula-like form. In some cases, a structure resembling a blastopore could be seen, and in others, cells were present within the blastocoel, but archenteron was never visible (Fig. 8A) . After 48 h, no embryos had adopted the normal pluteus shape but most of them (75 -80%) had gastrulated and formed an archenteron and pigmented cells were present. In all cases, the skeleton was abnormal. In the most severely affected embryos, the spicules were either absent or reduced to a single short rod. Others contained an additional pair of spicules or many abnormal spicules whose pattern lacks bilateral symmetry (Fig. 8A) .
To ascertain the specification of different cell types in embryos microinjected with cqtDC-En R , we have used a set of specific markers that have been identified in the P. lividus species (Lepage et al., to be published; Gache et al., to be published): clone L36, an endoderm marker, clone AA20, which is restricted to the PMCs, clone AA29, which is only expressed in the SMCs and clone AH66, an oral ectoderm marker. In addition, we also used Brachyury to mark both the vegetal pole area (blastopore) and the oral side of the embryo (stomodeum). Control and microinjected embryos were examined by in situ hybridization at 24 and/or 48 h after fertilization, when the control embryos reach the gastrula and pluteus stages, respectively. The results are presented in Fig. 8B . In the injected embryos, all the molecular markers tested have a localized expression that is perturbated in some cases but reminiscent of their normal pattern. Labeling with the endoderm probe L36 shows that endoderm precursors are present at the vegetal pole of the blastula and later their progeny participates to the archenteron. In addition, Brachyury is expressed in a ring of cells around the blastopore area. Most of the cells present in the blastocoel express a PMC marker but they do not arrange following the characteristic spatial pattern seen in normal embryos. Some SMCs were found dispersed within the blastocoel, as already observed with pigmented cells in Fig. 8A . Thus, cells belonging to the main lineages that differentiate along the AV axis could be detected. Some polarity along the OA axis is also present in the ectoderm. The clear restriction of the oral ectoderm marker AH66 and the very limited ectodermal expression of Brachyury suggest that there is no oralization or aboralization of the injected embryos. Therefore, although the morphology of the embryos was strongly perturbed, cell specification along the AV and OA axes was not blocked. The most obvious perturbation is the disorganization of the PMCs that leads to a disorganized skeleton.
To assess the specificity of the effects observed, we attempted to rescue the phenotypes produced by cqtDC-En R by coinjecting the wild-type coquillette mRNA (cqt). The results are shown in Fig. 8C . As indicated in Table 1 , the fraction of embryos displaying a normal phenotype increased as the ratio of cqt/cqtDC-En R increased. A complete rescue is obtained with a 10-fold excess of the wild-type form. This suggests that the effects observed are specific. However, the observed phenotypes are complex and several important events such as gastrulation and skeletogenesis are affected. Furthermore, in the T-domain family like in other families of transcription factors, all members seem to bind to identical or very similar core sequences. It is thus possible that when overexpressed, one factor may interfere with other members of the family. We have shown that other T-box genes are expressed at about the same time as coquillette: Brachyury, which plays a role in gastrulation, (Croce et al., 2001a; Gross and McClay, 2001 ) and ske-T, which is restricted to the skeletogenic mesenchyme (Croce et al., 2001b; Fuchikami et al., 2002) . We thus co-injected a 10-fold excess of mRNA coding for the wild-type form of either Brachyury or ske-T, together with mRNA coding for cqtDC-En R . The results of these experiments are shown in Table 2 . Both Brachyury and ske-T rescue the embryos but with less efficiency than coquillette, suggesting that some of the alterations observed cannot be attributed entirely to perturbation of coquillette function. It has been shown previously that blocking the function of Brachyury or that of ske-T prevents gastrulation (Gross and McClay, 2001; Fuchikami et al., 2002) . Our results point to a role of coquillette in patterning the skeletogenic mesenchyme, in agreement with its expression pattern.
Control by goosecoid
As shown above, the expression of coquillette always occurs on the aboral side of the embryo while goosecoid is expressed on the oral side. Goosecoid is a transcriptional repressor involved in OA axis specification (Angerer et al., 2001 ). This raised the possibility that goosecoid represses coquillette. We thus looked at the expression of coquillette in embryos injected with goosecoid mRNA. As shown in Fig. 9 (left), blastula embryos misexpressing goosecoid have a normal morphology but expression of coquillette is undetectable. At a later stage, PMC ingression occurs while spicule formation and gastrulation are blocked as reported previously (Angerer et al., 2001) . At this stage also, coquillette is not expressed at a detectable level in any cell type (Fig. 9, left) . Conversely, the reciprocal control of goosecoid by coquillette was addressed by assaying the expression of goosecoid in cqtDC-En R injected embryos. As shown in Fig. 9 (right) , goosecoid expression was unaffected and thus is probably not regulated by coquillette. These results suggest that coquillette is downstream of goosecoid in the pathway that specifies the oral -aboral axis.
Discussion
During a systematic search for T-box genes expressed during sea urchin development, we isolated a partial cDNA containing a complete ORF coding for a T-domain protein that we designated as coquillette. Coquillette certainly belongs to the Tbx2 subfamily but a more precise assignment to a particular ortholog is premature. A comprehensive phylogenetic analysis of the T-box genes is difficult to construct for several reasons. The complete set of T-box genes is known only for a few species whose genome has been sequenced. Duplication, losses, and divergence may have occurred at very different rates in different phyla. Sequences outside the T-domain are poorly conserved between distantly related species and so comparisons are restricted to the T-domain sequences. The trees obtained are unstable, being perturbed by addition or deletion of some sequences, and do not always reflect established taxonomies (Bassham and Postlethwait, 2000; Papaioannou, 2001 ; this work). Some branches are not sufficiently robust. Coquillette is likely to be a Tbx2/3 ortholog but this has to be confirmed as more complete sets of T-box genes become available.
Coquillette has a zygotic expression that starts after the end of cleavage. At that time, the main territories found along the AV axis are specified and asymmetry along the Tables 1 and 2 ). Embryo orientation is indicated by lateral view (l), vegetal view (v), and indeterminate (i).
OA axis is only detectable in the presumptive ectoderm. The expression of coquillette has unique features. In a first phase, the coquillette domain extends over most of the AV axis but is limited to the aboral side. It does not correspond to any of the main territories that have been characterized (Davidson et al., 1998) . Later on, coquillette expression becomes undetectable in the animal hemisphere as if the gene were progressively turned off along the AV axis. In a second phase, coquillette is only expressed in the skeletogenic mesenchyme lineage, but displays a restriction along the OA axis that has never been observed with any other PMC specific genes. This result demonstrates that like ectoderm and endoderm (Davidson et al., 1998; Sherwood and McClay, 1997) , the mesoderm displays a marked OA polarity. Coquillette expression is affected by two agents that interfere with the establishment of the OA axis, Li þ and Ni 2þ . Li þ represses coquillette in the blastula wall and in the PMCs while Ni 2þ is only effective in the PMCs. Li þ must be applied during cleavage to perturb primarily the AV axis and as a consequence the OA axis (Yoshikawa, 1997) . The period of sensitivity to Ni 2þ , which interferes only with the OA axis, is much later, between the swimming blastula and the early gastrula (Hardin et al., 1992) . Li þ probably interferes with an early step, and Ni 2þ with a late phase of the OA specification and thus differently affect coquillette expression in the germ layers in which it is successively expressed.
To determine the role of coquillette, we used an analysis by gain and loss of function. The expression of wild-type coquillette or of a fusion protein carrying the VP16 activator domain has no effect on development, while constructs containing the repressor domain from engrailed perturb development. This result suggests that coquillette may be an activator. Most T-domain transcription factors are activators but several vertebrate members of the Tbx2 subfamily have been reported to be transcriptional repressors (Papaioannou, 2001) . As there is little conservation between distant species outside the T-domain, it would be difficult to make a prediction about function in invertebrates. Furthermore, Tbx2 has both activation and repression domains (Paxton et al., 2002 ) and a screen for Tbx2 targets in vivo showed that a single target gene may be activated or inhibited depending on the cellular context (Chen et al., 2001) . Whether coquillette is an inhibitor, an activator, or both, should be established by direct measurements on target genes.
The overexpression of constructs carrying the engrailed repressor domain does not affect the basic processes of cell specification since molecular markers specific of the main cell types are expressed. However, the global morphology is strongly abnormal, gastrulation is delayed, and the skeleton is always disorganized. These effects can be fully rescued with the wild-type form of coquillette. They can also be rescued, albeit less efficiently, with the wild-type form of two other T-domain proteins, Brachyury and ske-T, that are expressed during the same period. Such interference between transcription factors that belong to the same family is known to occur in experimental situation, and thus, results have to be interpreted with caution. The phenotypes obtained by perturbation of the function of Brachyury and ske-T (T-brain) have already been described. When the function of Brachyury is blocked by overexpression of a Bra-engrailed construct, gastrulation is delayed but endoderm and mesoderm markers are expressed. This indicates that Brachyury is required for morphogenesis of the endoderm but not for the specification of the endoderm or mesoderm (Gross and McClay, 2001 ). When T-brain (ske-T) function is blocked by an antisense morpholino oligonucleotide, gastrulation is impaired, the PMCs ingress into the blastocoel but no spicules are formed (Fuchikami et al., 2002) . Therefore, the perturbation of gastrulation and the reduction of spicules that we observed might be attributed in part to interference with Brachyury and ske-T, respectively, while the strong disorganization of the skeleton probably results from interference with coquillette function. These results and the restriction of coquillette transcripts to the aboral-most PMCs, suggest that coquillette is involved in patterning the skeletogenic mesenchyme. However, coquillette might work at several levels. Since the PMCs use orientation cues from the ectoderm, it is possible that coquillette function may be required in this germ layer for proper organization of the skeleton. To understand the precise function of coquillette (or of other T-box genes) in the sea urchin embryo, it will be necessary to design approaches that will allow discrimination between the T-box genes and between roles in each of the three germ layers.
The first phase of coquillette expression occurs for a large part in the presumptive ectoderm. In this territory, several regulators of fate along the OA axis have been identified, including goosecoid. Goosecoid is a transcriptional repressor that promotes oral fate and represses aboral fate (Angerer et al., 2001) . A number of observations suggest that goosecoid may control coquillette: (i) both goosecoid and coquillette expression begin at about the same time, at the swimming blastula stage. (ii) As pointed out by Angerer et al. (2001) , many genes that are restricted to the aboral ectoderm are initially activated throughout the ectoderm. Coquillette, however, is expressed only in the aboral ectoderm from the earliest time its expression can be detected, indicating that it is downstream of or simultaneous with oral -aboral specification. (iii) The expression domains of goosecoid and coquillette are opposite to each other. (iv) Overexpression of goosecoid suppresses coquillette expression.
The late phase of coquillette expression occurs in the aboral PMCs. We have no clues indicating which regulators might be responsible for OA patterning within this lineage or which pathways may be used to transfer the information from the ectoderm to the migrating PMCs. The restriction of coquillette to the aboral-most PMCs is probably not controlled by goosecoid. We did not detect goosecoid transcripts in the PMCs, and the expression of goosecoid in the PMCs which has been described by Angerer et al. (2001) is probably too transient to explain the permanent restriction of coquillette to the skeletogenic mesenchyme. In addition, post-transcriptional mechanisms might account for the spatial restriction of the coquillette transcripts within a syncitium. The microinjected transgenes that integrate and are expressed in this lineage do not display the characteristic mosaic pattern seen in other lineages, but appear to be uniformly expressed in all PMCs as their products diffuse within the syncitium (Arnone et al., 1997) . The coquillette transcripts could be either differentially stabilized along the OA axis or prevented from diffusing from the aboral to the oral PMCs.
Experimental procedures
4.1. Embryos P. lividus adults were collected in the Villefranche bay. Handling of gametes and embryos has been described previously (Lepage and Gache, 1989) . Treatment with LiCl and continuous dissociation of blastomeres were performed as described by Ghiglione et al. (1993) and the treatment with NiCl 2 was taken from Hardin et al. (1992) . Embryos were exposed to 0.45 mM NiCl 2 from 30 min to 48 h after fertilization.
Cloning
Total RNA was extracted from embryos at various stages by the method of Cathala et al. (1983) . RT-PCR was carried out as described by Emily-Fenouil et al. (1998) using degenerate oligonucleotides corresponding to the sequences MFPSFKV and VTAYQNG. 5 0 and 3 0 RACE-PCR were carried out using the SMART RACE kit from Clontech (CA, USA), following instructions from the manufacturer. The 5 0 -RACE PCR fragment (932 bp), the RT-PCR fragment (404 bp), and the 3 0 -RACE-PCR fragment (3169 bp) were assembled by PCR into a single cDNA (4229 bp).
Expression analysis
Total RNA was extracted as indicated above. For Northern blots, 10 mg of RNA were electrophoresed through a formaldehyde agarose gel, transferred to a Biotrans Nylon membrane (ICN), and hybridized with the 404 bp RT-PCR fragment which corresponds to nucleotides 378-782 in the coquillette ORF. For Slot blots, 10 mg of total RNA from control and dissociated embryos were loaded on a Biotrans Nylon membrane. Hybridization was performed with a probe derived from the 3 0 RACE-PCR fragment, corresponding to positions 1283 -3224 in the coquillette ORF. Hybridizations were carried out by standard methods (Sambrook et al., 1989) . All probes were 32 P labeled by random priming with the Prime-a-Gene Labeling System (Promega).
Whole-mount in situ hybridization was carried out following a procedure taken from Harland (1991) and Lepage et al. (1992) . All probes were used at a final concentration of 1 ng/ml. For double labeling, the two DIG labeled probes were hybridized and developed simultaneously using an alkaline phosphatase conjugated antibody with NBT -BCIP as chromogenic substrates. Coquillette probes correspond to the entire ORF (positions 1 -1965) . Ske-T probes were synthesized from a 2.5 kb fragment of the cDNA as described by Croce et al. (2001b) . Brachyury probes were derived from a region of PlBra 3 0 of the T-box as described by Croce et al. (2001a) . Goosecoid probes were synthesized from the ORF of the cDNA reconstituted by fusion between a partial goosecoid cDNA (a gift from Dr Thierry Lepage) and a 5 0 RACE-PCR fragment. Probes for clone L36 (endoderm), were derived from a full-length 7 kb cDNA (a gift from Dr Thierry Lepage). Probes for clone AA20 (PMCs) and AA29 (SMCs) were synthesized from 1 and 1.5 kb fragments from their 3 0 UTR. Probes for AH66 (oral ectoderm) derived from a 1.6 kb fragment containing partial ORF and 3 0 UTR sequences.
Plasmid constructions and in vitro transcription
Sequences to be expressed were subcloned into vectors of the CS2 family (Turner and Weintraub, 1994) . Plasmids CS2/N-EnR and CS2/EnR, which allow to fuse the repressor domain of engrailed in N-or C-terminal of the protein of interest, were gifts from D. Kimelman. The plasmid CS2/VP16 was constructed by inserting the VP16 activation domain into CS2 þ . Fragments corresponding to the entire coquillette ORF, the ORF deleted from the N-or C-terminal domain were amplified by PCR. The full-length coquillette ORF was cloned in CS2 þ to give the cqt construct, in CS2/EnR and CS2-VP16 to fuse the engrailed repression domain or the VP16 activation domain at the C-terminal end of coquillette (constructs cqt-En R and cqt-VP16). Coquillette deleted from its C-terminal domain was cloned in CS2 þ to give plasmid cqtDC. The N-or C-terminal domain of coquillette was exchanged with the engrailed repressor domain by cloning coquillette deleted form its Nor C-terminal domain in CS2/N-EnR or CS2/ENR, to give cqtDN-En R and cqtDC-En R , respectively. The full-length ORF of goosecoid was constructed by PCR from an incomplete cDNA (a gift from Dr T. Lepage) and a 5 0 RACE fragment and inserted in CS2 þ . All constructs were verified by sequencing and in vitro translation.
The recombinant plasmids were linearized with Asp718. Capped mRNAs were synthesized in vitro with the Sp6 RNA polymerase using the Sp6 mMessage mMachine kit from Ambion.
mRNA and antisense morpholino microinjection
Before injection, mRNAs synthesized in vitro were diluted in 0.1 M KCl at concentration of 0.5 -1 mg/ml for the mRNAs synthesized from cqt (wild-type), cqtDC, and cqt-VP16 and 0.075 mg/ml for the others. Goosecoid mRNA was diluted to 0.16 mg/ml. A morpholino-substituted antisense oligonucleotide complementary to the region of the initiation codon (ACGTCGTCATTCTCTATGAAACCGGCA) was obtained from Gene Tools (Corvallis, OR). The oligonucleotide was diluted in 0.1 M KCl at 400 -1000 mM. Approximately 2 pl of RNA or oligonucleotide solution were microinjected into the cytoplasm of unfertilized eggs as described by Emily-Fenouil et al. (1998) . All microinjected eggs were fertilized and the embryos were raised in the presence of antibiotics. Their morphology was monitored by microscopic observations after 24 and 48 h. For each experiment, about 150 eggs were microinjected and the experiments were repeated 2 -3 times.
Phylogenetic analysis
T-domain sequences were aligned using Clustal X (Thompson et al., 1997) . Exclusion of positions with gaps had no significant effects on the topology of the trees. Cladograms were constructed using either the neighborjoining method (Saitou and Nei, 1987) through Clustal X with 1000 bootstrap replications or the parsimony method through the PAUP program of Swofford (1990) . The two methods gave similar results.
